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 Linking wound response and inflammation 
to regeneration in the zebrafish larval fin
HENRY HAMILTON ROEHL*
'HSDUWPHQWRI%LRPHGLFDO6FLHQFHV8QLYHUVLW\RI6KHIÀHOG6KHIÀHOG6RXWK<RUNVKLUH8.
ABSTRACT  The study of regenerative biology aims to elucidate the innate ability of organisms to 
replace tissues or organs after they have been removed or damaged. The zebrafish is a powerful 
model for the analysis of intracellular signalling and cell behaviour and as such has made major 
contributions to our understanding of regenerative biology.  The larval fin fold is an emerging model 
to understand how different signalling pathways interact to coordinate regeneration.  Tissue damage 
causes the immediate release of signals that initiate wound closure and inflammation. Following 
this, regenerative cells proliferate and migrate to the damaged area. Each of these processes has 
been analysed using the larval fin fold model to provide a framework for how fin regeneration takes 
place. This review gives an overview of the current state of this field with particular emphasis on 
the different signalling networks that are required during fin fold regeneration. 
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Introduction
0DQ\RIWKHXQLTXHH[SHULPHQWDODWWULEXWHVRIWKH]HEUDÀVKPRGHO
DUHSUHVHQWEHIRUHÀVKEHJLQWRIHHGGXULQJWKHHPEU\RQLF
KRXUVSRVWIHUWLOLVDWLRQKSIDQGHDUO\ODUYDOKSIKSIVWDJHV
$WWKLVWLPHWKHÀVKDUHVPDOOWUDQVSDUHQWDQGHDVLO\LPPRELOLVHG
DOORZLQJ UHVHDUFKHUV WRPDNH OLYHPLFURVFRSLFREVHUYDWLRQV IRU
H[WHQGHGSHULRGVRIWLPH/DUJHQXPEHUVRIHJJVFDQEHSURGXFHG
TXLFNO\DQGODUYDHFDQEHPDLQWDLQHGIRUGD\VLQDVOLWWOHDV
PLFUROLWHUVRIZDWHU$VPRVWSKDUPDFHXWLFDOVGLIIXVHIUHHO\LQWR
WKHÀVKSKDUPDFRORJLFDOWHVWVFDQEHSHUIRUPHGE\VLPSO\DGGLQJ
FRPSRXQGVWRWKHÀVKZDWHU0DQ\PXWDWLRQVDUHQRWKRPR]\JRXV
YLDEOHDVDGXOWEXWVXUYLYHXQWLOKSIDQGWKXVSURYLGHLPSRUWDQW
WRROVWRDVVHVVUHJHQHUDWLYHJHQHIXQFWLRQLQODUYDH,QDGGLWLRQ
H[SHULPHQWVGRQHEHIRUHWKHÀVKEHJLQWRIHHGKDYHIHZHUHWKLFDO
DQGOHJDOFRQVLGHUDWLRQV
=HEUDÀVK UHJHQHUDWLRQ UHVHDUFKKDVSULPDULO\ IRFXVHGXSRQ
DGXOWWLVVXHVVXFKDVVSLQDOFRUGÀQDQGKHDUWDQGE\FRPSDULVRQ
WKHUHDUHUHODWLYHO\IHZVWXGLHVWKDWIRFXVRQODUYDOUHJHQHUDWLRQ
2QHUHDVRQIRUWKLVPD\EHWKHDVVXPSWLRQWKDWUHJHQHUDWLRQDW
ODUYDOVWDJHVXWLOLVHVGLIIHUHQWPHFKDQLVPVWKDQWKDWRIWKHDGXOW
.DZDNDPLHWDO<RVKLQDULDQG.DZDNDPL:KLOVWWKH
ÀVKLVUDSLGO\JURZLQJDQGVWLOOGHYHORSLQJWKHUHDUHPDQ\VWHPFHOOV
RUJURXSVRISUHFXUVRUVFHOOVSUHVHQWWKDWDUHOLNHO\WRFRQWULEXWH
WRUHJHQHUDWLRQ$VGHYHORSPHQWLVRQJRLQJWKHUHSODFHPHQWRI
ORVWWLVVXHPD\VLPSO\EHDQH[WHQVLRQRIQRUPDOGHYHORSPHQW$
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)JJZM^QI\QWV[][MLQV\PQ[XIXMZ"citral, 3,7-dimethyl-2,6-octadienal; cloche, neuronal 
PAS domain protein 4 like; Csf3r, colony stimulating factor 3 receptor (granulocyte); 
DEAB, N,N-diethylaminobenzaldehyde; Dlx, distal-less homeobox; ErbB, erb-b 
receptor tyrosine kinase; Fam53b, family with sequence similarity 53, member 
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JM\I#1ZN QV\MZNMZWVZMO]TI\WZaNIK\WZ #263K2]V60\MZUQVITSQVI[M#2]V
2]VXZW\WWVKWOMVM#4aV4A6XZW\WWVKWOMVM#5[`U][KTM[MOUMV\PWUMW-
JW`#:)ZM\QVWQKIKQL#:]V`Z]V\ZMTI\ML\ZIV[KZQX\QWVNIK\WZ#;XQJ;XQ
XZW\WWVKWOMVMJ#;=C,QPaLZWW`W0QVLWTaTQLMVMUM\PaTE
UM\PaT0XaZZWTMXZWXIVWQKIKQL#<IT<KMTTIK]\MTaUXPWKa\QKTM]SMUQI
#?6<_QVOTM[[\aXM55<>QV\MOZI\QWV[Q\MNIUQTa
IXUWKHUSRLQWWRFRQVLGHULVWKDWRUJDQVVXFKDVWKHKHDUWDUHOLNHO\
WREHVPDOOHUDQGOHVVFRPSOH[LQ\RXQJÀVK6RIRFXVLQJRQWKH
DGXOWPD\UHGXFHWKHLPSDFWRIGHYHORSPHQWDOPHFKDQLVPVDQG
DOORZRQHWRVWXG\UHJHQHUDWLRQRIIXOO\GLIIHUHQWLDWHGDQGFRPSOH[
WLVVXHVDQGRUJDQV,QRWKHUZRUGVH[SHULPHQWVRQDGXOWÀVKSHU
KDSVUHSUHVHQWWKHPRVWVWULQJHQWWHVWRIUHJHQHUDWLYHFDSDELOLW\
$OWKRXJKWKHVHUHDVRQVDUHZRUWKFRQVLGHULQJWKHVWXG\RIODUYDO
]HEUDÀVKFRQWLQXHVWRJURZLQSRSXODULW\7KHVXFFHVVRI ODUYDO
VWXGLHVRQGDPDJHLQGXFHGVLJQDOVDQGWKHLPPXQHUHVSRQVHKDYH
FUHDWHGDVWURQJEDVHIURPZKLFKWRDVVHPEOHWKHVWHSVLQYROYHGLQ
UHJHQHUDWLRQ7KLVUHYLHZIRFXVHVRQWKHODUYDOÀQIROGDQGDWWHPSWV
WRIROORZWKHLQLWLDOVWDJHVRIZRXQGUHVSRQVHDQGLQÁDPPDWLRQ
DQGOLQNWKHVHWRVXEVHTXHQWUHJHQHUDWLRQ$VXPPDU\RIWKHVH
474    H.H. Roehl
ÀQGLQJVLVSUHVHQWHGLQ)LJ2WKHUHPHUJLQJODUYDOPRGHOVWKDW
DUHQRWGLVFXVVHGKHUHDUHQHXUDOUHJHQHUDWLRQ/LXHWDO
/XVKDQG3LRWURZVNL0H\HUVHWDO2·%ULHQHWDO
D2·%ULHQHWDOE2KQPDFKWHWDO5LHJHUDQG
6DJDVWL5RVHQEHUJHWDO6LHJHUHWDOPXVFOH
UHJHQHUDWLRQ.QDSSHHWDO3LSDOLDHWDO5RGULJXHV 
HWDO6HJHUHWDODQGOLYHUUHJHQHUDWLRQ+HHWDO
+XDQJHWDO,QDGGLWLRQWRUHVHDUFKVSHFLÀFDOO\IUDPHG
WRLQYHVWLJDWHUHJHQHUDWLRQWKHUHDUHPDQ\VWXGLHVWKDWFRXOGDOVR
EHFRQVLGHUHGWRDGGUHVVTXHVWLRQVRIUHJHQHUDWLRQWKDWDUHQRW
GLVFXVVHGKHUH7KHVHLQFOXGHH[SHULPHQWDOELRORJ\DSSURDFKHV
VXFKDVFHOODEODWLRQPXWDWLRQVWKDWUHVXOWLQGHJHQHUDWLRQVXFK
DVPXVFXODUG\VWURSK\DQGVWXGLHVRIUHVSRQVHVWRWR[LFLW\
Fin fold regeneration
Overview
7KHPHGLDQÀQIROGLVDWUDQVLHQWVWUXFWXUHWKDWEHJLQVWRIRUP
GXULQJVRPLWRJHQHVLV¾KSIDQGLVUHVRUEHGDQGUHSODFHGE\
WKHGRUVDOFDXGDODQGDQDOÀQVGXULQJPHWDPRUSKRVLV3DULFK\ et 
DO,WLVPDGHXSRIDIROGHGOD\HURIHSLGHUPLVWKDWH[WHQGV
GRUVDOO\ FDXGDOO\DQGYHQWUDOO\ IURP WKHSRVWHULRU WZR WKLUGVRI
WKHERG\7KHHSLGHUPLVLVRQHWRWZRFHOOVWKLFNGXULQJWKHWLPH
SRLQWVWKDWDUHJHQHUDOO\DQDO\VHGIRUUHJHQHUDWLRQ,WLVVXSSRUWHG
E\DFWLQRWULFKLDZKLFKDUHFROODJHQULFKÀEULOODUVWUXFWXUHVWKDWDUH
IRXQGLQDOD\HUGLUHFWO\XQGHUQHDWKWKHHSLWKHOLD,QWKHFHQWUHRI
WKHÀQ IROG WKHUHDUHÀQPHVHQFK\PDOFHOOV WKDWDVVRFLDWHZLWK
DFWLQRWULFKLDVHQVRU\D[RQVDVZHOODVVFDWWHUHGSLJPHQWFHOOVDQG
OHXFRF\WHV([FLVLRQRIWKHFDXGDOHQGRIWKHÀQIROGLVGRQHZLWK
DÀQHVFDOSHOEHWZHHQWKHDQGKSIDQGLWWDNHVGD\VIRU
UHJURZWKWRFRPSOHWH.DZDNDPLHWDO/LVVHHWDO
<RVKLQDULDQG.DZDNDPL)LJ5HJHQHUDWLRQRIOLPEVLQ
DPSKLELDQVLVFKDUDFWHULVHGE\IRUPDWLRQRIDWKLFNHQHGHSLWKHOLXP
ZRXQGHSLWKHOLXPWKDWLVPDUNHGE\H[SUHVVLRQdlxJHQHV7KH
ZRXQGHSLWKHOLXPRYHUOD\VGHQVHO\SDFNHGSUROLIHUDWLYHFHOOVWKH
EODVWHPDWKDWZLOOJLYHULVHWRQHZWLVVXHDQGH[SUHVVmsxJHQHV
6LPLODUO\E\KRXUVSRVWH[FLVLRQKSHWKHZRXQGHSLWKHOLXP
RIWKHÀQIROGLVPDUNHGE\H[SUHVVLRQRIdlx5aDQGWKHEODVWHPD
by expression of msxcDQGmsxe .DZDNDPL et al&HOOV
WKDW ZLOO JLYH ULVH WR WKH EODVWHPD RULJLQDWH IURP DUHDV DURXQG
WKH QRWRFKRUG DQG EHJLQ WKHLU PLJUDWLRQ GLVWDOO\ ZLWKLQ DQ KRXU
RIZRXQGLQJ0DWHXVHWDO7KHVHFHOOVEHFRPHURXQGHG
DQGWKHLUQXFOHLEHFRPHFRQGHQVHGEXWXQOLNHEODVWHPDOFHOOVLQ
RWKHUV\VWHPV WKH\GRQRWSUROLIHUDWH UDSLGO\GDPDJHLQGXFHG
FHOOGLYLVLRQ LQ WKHÀQIROG LVPRUHGLIIXVHVSUHDGLQJWKURXJKRXW
WKHSRVWHULRUWUXQN.DZDNDPLHWDO0DWHXVHWDO
Transcription-independent damage signals 
:KHQWKHVNLQLVEUHDFKHGVLJQDOVUHOHDVHGLQWKHÀUVWVHFRQGV
DQGPLQXWHVHQVXUHWKDWWKHZRXQGLVUDSLGO\FORVHGWRUHVWRUHWKH
LQWHUQDOHQYLURQPHQWDQGWRUHGXFHWKHULVNRISDWKRJHQLQÀOWUDWLRQ
&RUGHLURDQG-DFLQWR1LHWKDPPHU2VPRWLFVKRFN
DQGPHFKDQLFDOGDPDJHDORQJ WKHPDUJLQRI WKHZRXQGFDXVH
WKHLPPHGLDWHUHOHDVHRIGDPDJHDVVRFLDWHGPROHFXODUSDWWHUQV
'$03VVXFKDV$73WKDWFRPPXQLFDWHWRWKHLPPXQHV\VWHP
GH2OLYHLUDHWDOGH2OLYHLUDHWDO,QDGGLWLRQZLWKLQ
VHFRQGVLQWUDFHOOXODUFDOFLXP&DLVHOHYDWHGDWWKHPDUJLQDQG
WKLVLQFUHDVHLVWKHQSURSDJDWHGWRRYHU+PGHHSLQWRWKHÀVK
(Q\HGLHWDO<RRHWDO&DFDXVHVWKHUHOHDVHRI
HLFRVDQRLGVZKLFKDFWWRDWWUDFWOHXFRF\WHV(Q\HGLHWDO
(YLGHQFHIURPRWKHUPRGHOVVXJJHVWVWKDW&DDOVRDFWVWKURXJK
5KRIDPLO\*73DVHVWRUHRUJDQLVHDFWLQDQGP\RVLQ,,LQHSLWKHOLD
WRGUDZWKHZRXQGFORVHG&RUGHLURDQG-DFLQWR1LHWKDP
PHU:LWKLQPLQXWHVUHDFWLYHR[\JHQVSHFLHV526DUH
V\QWKHVLVHGE\WKHÁDYRHQ]\PHGXDOR[LGDVH'XR[DWWKHZRXQG
PDUJLQDQGWKHQGLIIXVHXSWR+PLQWRWKHÀVK1LHWKDPPHU 
HWDO5LHJHUDQG6DJDVWL7KHSUHGRPLQDQWIRUPRI
526LVOLNHO\WREH+ODVRWKHUVSHFLHVDUHWRRUHDFWLYHWRGLIIXVHWKLVIDU/LNHWKHRWKHUVLJQDOV526DFWRQWKHLPPXQHV\VWHP
WRDWWUDFWOHXFRF\WHVWRWKHZRXQGDQGGRVRE\DFWLYDWLQJD6UF
IDPLO\NLQDVH6).FDOOHG/\Q1LHWKDPPHUHWDO<RRHWDO
$VQHXWURSKLOVDUULYHDWWKHZRXQGWKH\UHOHDVHP\HORSHU
R[LGDVHZKLFKEUHDNVGRZQ+OWRGDPSHQ526VLJQDOOLQJ3DVH HWDO7KHVHWKUHHHDUO\VLJQDOVPD\IRUPDOLQHDUSDWKZD\
&RUGHLURDQG-DFLQWRGH2OLYHLUDHWDOGH2OLYHLUD et 
DO1LHWKDPPHU7KLVVHTXHQFHEHJLQVZKHQGDP
DJHGFHOOVUHOHDVH$73ZKLFKWKHQDFWLYDWHVSXULQHUJLFUHFHSWRUV
LQQHLJKERXULQJLQWDFWFHOOVWKDWFDXVHVHOHYDWLRQRILQWUDFHOOXODU
&DZKLFKDFWLYDWHV'XR[FDXVLQJV\QWKHVLVRI526$OWKRXJK
WKLVFDVFDGHLVSUREDEO\FHQWUDOLQWKHHDUO\UHVSRQVHLWLVSHUKDSV
DQRYHUVLPSOLÀHGYLHZRIWKHÀUVWIHZPLQXWHVDIWHUZRXQGLQJ,WLV
OLNHO\WKDWWKHUHLVIHHGEDFNEHWZHHQWKHVHSDWKZD\VDVZHOODV
RWKHUHDUO\SDWKZD\VWKDWFRQWULEXWHWRWKHLQLWLDOUHVSRQVH
Regeneration signalling pathways
$IWHU WKH LQLWLDO UHVSRQVH WR ZRXQGLQJ WKH RUJDQLVP QHHGV
WRUHFUXLWFHOOVWRUHEXLOGWKHPLVVLQJWLVVXH7KHVHFHOOVQHHGWR
SUROLIHUDWHEHSDWWHUQHGJRWKURXJKPRUSKRJHQHVLVDQGGLIIHUHQWL
DWH$VLQGHYHORSPHQWWKHVHSURFHVVHVDUHOLNHO\WRLQYROYHPDQ\
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Fig. 1. A model of signaling network interactions during fin fold re-
generation. See the text for details.
=HEUDÀVKÀQUHJHQHUDWLRQ475 
VLJQDOOLQJSDWKZD\V$OWKRXJKWKHÀQIROGLVDYHU\VLPSOHWLVVXH
LWLVDOUHDG\DSSDUHQWWKDWWKHQHWZRUNVLQYROYHGLQUHVWRUDWLRQRI
WKHWLVVXHDUHFRPSOH[DQGQXPHURXV
'HYHORSPHQWDOVLJQDOOLQJSDWKZD\VKDYHXQGHUVWDQGDEO\EHHQ
KHDYLO\ LQYHVWLJDWHG IRU WKHLU UROHV LQ ÀQ IROG UHJHQHUDWLRQ7KH
)*)UHFHSWRULQKLELWRU68KDVEHHQXVHGWRVKRZWKDW)*)
VLJQDOOLQJSURPRWHVGDPDJHLQGXFHGFHOOSUROLIHUDWLRQ.DZDNDPL 
HWDO 0DWKHZ HW DO IRXQG WKDW WKH5$V\QWKHVLVJHQH
raldh2LVLQGXFHGE\KSHDQGWKDW5$V\QWKHVLVLQKLELWRUV'($%
DQG &LWUDO DOVR EORFN msx DQG dlx JHQH H[SUHVVLRQ DV ZHOO DV
GDPDJHLQGXFHGSUROLIHUDWLRQ0DWKHZHWDO0DWKHZHWDO
DOVRLQYHVWLJDWHGWKHUROHRIWKH)*)DQG:17`FDWHQLQSDWKZD\V
XVLQJ68DVZHOODVDGRPLQDQWQHJDWLYHWUDQVJHQHWRWDUJHW
:17`&DWHQLQVLJQDOOLQJ7KHLU UHVXOWVVXJJHVW WKHPRGHO WKDW
)*)DQG:17`&DWHQLQSDWKZD\VDFWLYDWH5$VLJQDOOLQJZKLFK
SDWWHUQV WKH UHJHQHUDWLQJ ÀQ IROG DQG GULYHV SUROLIHUDWLRQ +RZ
WKHVH LQWHUDFWLRQVUHODWH WR WKH LQLWLDO IRUPDWLRQRI WKHÀQ IROG LV
FXUUHQWO\XQFOHDUDVÀQIROGGHYHORSPHQWLVDQXQGHUVWXGLHGDUHD
8SVWUHDP RI GHYHORSPHQWDO VLJQDOOLQJ WKHUH DUH SDWKZD\V
LQYROYHGZLWK VWUHVV UHVSRQVHDQG LQÁDPPDWLRQ([SUHVVLRQRI
WKH-1.VLJQDOOLQJFRPSRQHQWVMXQEDMXQEEDQGFMXQLVVWURQJO\
LQGXFHG ZLWKLQ  PLQXWHV RI GDPDJH LQGLFDWLQJ WKDW WKH\ DUH
LPPHGLDWHHDUO\JHQHV,VKLGDHWDO3KRVSKRU\ODWLRQRI
-XQSURWHLQVRFFXUVE\WKHZRXQGZLWKLQPLQXWHVRIH[FLVLRQDQG
LQKLELWLRQ ZLWK WKH -1. LQKLELWRU 63 EORFNV SUROLIHUDWLRQ
DQGUHJHQHUDWLRQ6LPLODUO\WKHF\WRNLQHil1`LVXSUHJXODWHGLQWKH
HSLGHUPLVE\KSHDQGLWLVUHTXLUHGIRUFHOOSUROLIHUDWLRQDVZHOO
as expression of fgf20aDQGMXQED+DVHJDZD et alil1` 
LVDOVRNQRZQLQRWKHUV\VWHPVWREHWUDQVFULSWLRQDOO\DFWLYDWHGE\
WKH-1.SDWKZD\1HZWRQDQG'L[LWVRLWLVSRVVLEOHWKDW
WKHXSUHJXODWLRQRIMXQEDLVSDUWRIDSRVLWLYHIHHGEDFNORRS
Linking damage signals to regeneration
+RZGRHVDQRUJDQLVPVHQVHWKDWDWLVVXHRUDQRUJDQLVPLVVLQJ
ZKDWPROHFXOHVWULJJHUUHJHQHUDWLRQDQGZKDWGHWHUPLQHVZKHWKHU
WKHZRXQGLVVLPSO\KHDOHGRYHUWROHDYHDVFDURUUHSODFHG"7KH
DQVZHUVWRWKHVHTXHVWLRQVPD\KROGWKHNH\WRLQLWLDWLQJKXPDQ
UHJHQHUDWLRQDQGKDYHXQGHUVWDQGDEO\EHHQWKHIRFXVRIPXFK
UHVHDUFKRQWKHODUYDOÀQIROG7ZRFDQGLGDWHVWKDWPD\OLQNWKH
HDUO\ZRXQGUHVSRQVHWRUHJHQHUDWLRQKDYHHPHUJHGLQWKHODVW
IHZ\HDUV
DQG WKHLU SUHVHQFH SHDNV DW DERXW KSH ZKLOH PDFURSKDJH
QXPEHUVSHDNVHYHUDOKRXUVODWHU,QLWLDOO\WZRVWXGLHVWKDWXVHG
a SXPRUSKROLQRWRWDUJHWPDFURSKDJHVDQGQHXWURSKLOVIRXQG
WKDWOHXFRF\WHVDUHGLVSHQVDEOHIRUUHJHQHUDWLRQ0DWKHZHWDO
<RRHWDO,QFRQWUDVWDQRWKHUVWXG\WKDWFRPSDUHG
WKHLQGLYLGXDOUROHVIRUOHXFRF\WHVE\UHPRYLQJPDFURSKDJHVZLWK
an irf8PRUSKROLQRDQGQHXWURSKLOVZLWKDUXQ[PXWDWLRQIRXQGWKDW
ORVVRIQHXWURSKLOVLQFUHDVHGUHJHQHUDWLRQDQGORVVRIPDFURSKDJHV
VORZHGUHJHQHUDWLRQ/LHWDO6LPLODUO\WUDQVJHQLFDEODWLRQ
WRUHGXFHPDFURSKDJHVDOVRVORZHGÀQIROGUHJHQHUDWLRQ3HWULH 
HWDODQGDUHFHQWVWXG\WKDWXWLOLVHGtnfr1NQRFNGRZQE\
PRUSKROLQRVXJJHVWHGDUROHIRUPDFURSKDJHGHULYHG71)VLJQDOLQJ
GXULQJÀQUHJHQHUDWLRQ1JX\HQ&KLHWDO,QDJUHHPHQWZLWK
WKHVHÀQGLQJVJOXFRFRUWLFRLGWUHDWPHQWZKLFKEORFNVLQÁDPPDWLRQ
UHGXFHVSUROLIHUDWLRQ0DWKHZHWDO6KDULIHWDO
$VHULHVRISDSHUV IURPWKH.DZDNDPL ODERIIHUDPROHFXODU
PRGHOWKDWPD\KHOSH[SODLQWKHVHDSSDUHQWO\FRQÁLFWLQJUHVXOWV
+DVHJDZDHWDO+DVHJDZDHWDO<RVKLQDULHWDO
7KHLUJURXSDEODWHGOHXFRF\WHVXVLQJWKHclocheDQGtal1 
mutants as well VSLE irf8 DQG csf3r PRUSKROLQRV7KH\ IRXQG
WKDWEHWZHHQKSHFHOOGHDWKLVHOHYDWHGDQGFHOOGLYLVLRQLV
UHGXFHGDQGVKRZHGWKDWWKLVLVGXHWRDUHGXFWLRQLQWKHQXPEHUV
RIPDFURSKDJHV6XUSULVLQJO\WKH\IRXQGWKDWWKHVHGHIHFWVDUHDF
FRPSDQLHGE\DVWURQJDQGSHUVLVWHQWHOHYDWLRQRIil1`H[SUHVVLRQ
$VGLVFXVVHGDERYHil1` LVH[SUHVVHGLQWKHGDPDJHGHSLWKHOLXP
DQGLVUHTXLUHGIRUDFWLYDWLRQRIUHJHQHUDWLRQVRZK\WKHQZRXOG
LWEHXSUHJXODWHGZKHQUHJHQHUDWLRQLVUHGXFHG"7RLQYHVWLJDWH
IXUWKHU+DVHJDZDHWDOÀUVWVKRZHGWKDWHFWRSLFXSUHJXODWLRQRI
il1` XQGHUFRQWURORIDKHDWVKRFNSURPRWHULVVXIÀFLHQWWRLQGXFH
FHOOGHDWK LQWKHWDLORIXQRSHUDWHGODUYDH7KH\ZHUHDOVRDEOH
WRVKRZWKDWWKHGHOHWHULRXVHIIHFWVPDFURSKDJHGHSOHWLRQFRXOG
EHUHVFXHGE\NQRFNGRZQRI il1` ZLWKPRUSKROLQRV,QDGGLWLRQ
WKH\IRXQGWKDWJOXFRFRUWLFRLGWUHDWPHQWLQKLELWVH[SUHVVLRQRIil1` 
LQ WKHHSLWKHOLXPDQGDOVRUHVFXHVPDFURSKDJHGHSOHWLRQ7KLV
HOHJDQWVHWRIH[SHULPHQWVVXJJHVWVWKDWPDFURSKDJHVPD\DFW
XSRQUHJHQHUDWLRQE\UHVROYLQJil1` H[SUHVVLRQ7KLVDORQJZLWK
WKH UROH RI QHXWURSKLOV LQ GDPSHQLQJ 526 VLJQDOOLQJ VXJJHVWV
WKDWOHXFRF\WHVPD\QRWLQLWLDWHUHJHQHUDWLRQEXWUDWKHUWKDWWKH\
SURYLGHQHJDWLYHIHHGEDFNWRHDUO\GDPDJHLQGXFHGSDWKZD\VWR
HQVXUHWKHDSSURSULDWHUHJHQHUDWLYHUHVSRQVH6LQFHil1`LVNQRZQ
LQRWKHU V\VWHPV WREHDFWLYDWHGE\&D DQG'$03VLJQDOOLQJ
Fig. 2. Larval zebrafish fin fold regeneration. (A) Larval 
fish at 72 hpf showing the possition for excision of the 
fin fold (dotted line on the right) and the possition for 
tail excision (dotted line on the left). Scale bar equals 
500 +m. (B) Close-up images of the fin fold before and 
after excision. Larvae are 72 hpf. (C) Close-up images 
of the fin fold after 48 hours of recovery when the fin 
has almost completely regenerated. Larvae are 120 hpf. 
Scale bar,100 +m.
,QIODPPDWRU\ VLJQDOV DQG OHXFRF\WHV DUH
WKRXJKW WRSOD\DFRPSOH[ UROH LQ UHJHQHUDWLRQ
LQPDQ\V\VWHPV(PLQJHWDO$QDO\VLV
RIWKHÀQIROGKDV\LHOGHGFRQÁLFWLQJUHVXOWVRYHU
WKH ODVWGHFDGHEXW UHFHQWGDWDKDVEHJXQ WR
VXSSRUWDQXDQFHGUROHIRULQÁDPPDWLRQGXULQJ
WKH LQLWLDWLRQ RI UHJHQHUDWLRQ 1HXWURSKLOV DUH
DWWUDFWHGWRWKHZRXQGHGÀQIROGZLWKLQPLQXWHV
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1HZWRQDQG'L[LWil1`LVPD\EHDQLQÁDPPDWRU\VLJQDO
WKDWVHUYHVWROLQNGDPDJHWRUHJHQHUDWLRQ
7KH VHFRQG FDQGLGDWH IRU LQLWLDWLRQ RI UHJHQHUDWLRQ LV 526
VLJQDOOLQJ 5LHJHU HW DO XVHG GXR[ morpholinos to show that 
ZKHQ526V\QWKHVLVLVEORFNHGD[RQDOUHJHQHUDWLRQZLWKLQWKH
ÀQIROGGRHVLVUHGXFHG5LHJHUDQG6DJDVWL7KH+XWWHQ
ORFKHU ODEZHQWRQHVWHSIXUWKHUE\GLVVHFWLQJWKHUROHRI6).V
DFWLQJGRZQVWUHDPRI526LQWKHÀQIROG<RRHWDO7KH\
IRXQGWKDWWKH'XR[LQKLELWRU'3,DQGWKH6).LQKLELWRU33ERWK
EORFN OHXFRF\WH UHFUXLWPHQW DQG UHJHQHUDWLYH FHOO SUROLIHUDWLRQ
+RZHYHUZKHQWKH\NQRFNHGGRZQLQGLYLGXDO6).VWKH\IRXQG
that lynPRUSKROLQRVRQO\DIIHFWOHXFRF\WHVDQGI\QE morpholinos 
RQO\DIIHFWSUROLIHUDWLRQ7KLVXQFRXSOLQJRIWKHLQÁDPPDWRU\DQG
UHJHQHUDWLYHDFWLYLWLHVRI526VXJJHVWVWKDWI\QEDFWVDVSDUWRI
WKHWULJJHUIRUUHJHQHUDWLRQ,QKLELWLRQRI5266).VLJQDOOLQJZDV
RQO\HIIHFWLYHZLWKLQWKHÀUVWKRXUDIWHUZRXQGLQJDWDWLPHZKHQ
il1` LVDOVRIXQFWLRQLQJ:KHWKHUWKHVHWZRSDWKZD\VLQWHUDFWRU
IRUPDOLQHDUSDWKZD\KDVQRW\HWEHHQLQYHVWLJDWHG
Tail regeneration
7KH WDLO H[FLVLRQDVVD\ LV FORVHO\ UHODWHG WRÀQ IROGH[FLVLRQ
H[FHSWWKDWWKHHQGRIWKHWDLOLVDOVRUHPRYHG5RMDV0XQR]HWDO
7KHFXWLVPDGHWUDQVYHUVHO\ZKHUHWKHUHLVDJDSLQWKH
PHODQRSKRUHVZKLFKOLQHWKHYHQWUDOHGJHRIWKHWUXQNVHH)LJ
$7KHHQGRIWKHQHXUDOWXEHDQGQRWRFKRUGDVZHOODVPXVFOH
DQGEORRG YHVVHOV DUH UHPRYHGDQG UHFRYHU\ WDNHVXS WR IRXU
GD\V2QHRIWKHKDOOPDUNVRIWDLOUHJHQHUDWLRQLVWKHSURWUXVLRQ
RIQRWRFKRUGFHOOVZKLFKIRUPDFOXPSRIFHOOVWKDWVLWXQGHUWKH
ZRXQGHSLWKHOLXPGXULQJUHJHQHUDWLRQ7KLVFOXPSRIFHOOVIRUPV
LPPHGLDWHO\ DIWHU H[FLVLRQ DQG LV DOVR VHHQ GXULQJ D[RORWO DQG
WDGSROHWDLOUHJHQHUDWLRQ7KHVHFHOOVDUHVRPHWLPHVUHIHUUHGWR
DVWKHEODVWHPDEXWWKHUHLVQRHYLGHQFHWRVXSSRUWWKLVDVVXPS
WLRQ)RUZDUGJHQHWLFVFUHHQVKDYHLGHQWLÀHGPXWDWLRQVWKDWDIIHFW
WKH(UE%DQG(UE%UHFHSWRUW\URVLQHNLQDVHVZKLFKGLVUXSWWDLO
UHJHQHUDWLRQ5RMDV0XQR]HWDO,QDGGLWLRQWRWKLVVWXG\
RWKHUSDSHUVKDYHLGHQWLÀHGFKURPDWLQUHPRGHOOLQJFRPSRQHQWV
WKH :QW`FDWHQLQ VLJQDOOLQJ PRGLÀHU )DPE DQG QLWULF R[LGH
V\QWKDVHVDVEHLQJH[SUHVVHGGXULQJODUYDOWDLOUHJHQHUDWLRQ.L]LO 
HWDO.L]LOHWDO/HSLOOHUHWDO3IHIIHUOLHWDO
,WLVOLNHO\WKDWWKHVHSDWKZD\VDUHDOVRDFWLYHGXULQJÀQIROG
UHJHQHUDWLRQEXWDGLUHFWFRPSDULVRQKDVQRWEHHQPDGH
Conclusion
$OWKRXJKJUHDWSURJUHVVKDVEHHQPDGHLQXQGHUVWDQGLQJKRZ
WKHÀQIROGUHJHQHUDWHVWKHUHDUHVWLOOVHYHUDONH\TXHVWLRQVWKDW
UHPDLQXQDQVZHUHG2QHIXQGDPHQWDOLVVXHLVWKDWRIWKHVRXUFH
RIWKHFHOOVWKDWUHIRUPWKHÀQ'RVWHPFHOOVRUSUHFXUVRUFHOOVIRUP
WKHEODVWHPD",VWKHUHGHGLIIHUHQWLDWLRQRIPDWXUHFHOOW\SHVRULV
GHGLIIHUHQWLDWLRQHYHQQHFHVVDU\"7KHPDMRULW\RIWKHWLVVXHORVW
LVHSLGHUPDODQGWKHVHFHOOVDUHSUROLIHUDWLYHDQGPRYHWRFRYHU
WKHZRXQGDIWHUH[FLVLRQ0DWHXVHWDO6LPLODUO\ÀQPHV
HQFK\PDOFHOOVSLJPHQWFHOOVDQGOHXFRF\WHVDUHKLJKO\PLJUDWRU\
DQGPD\VLPSO\PRYHWRUHSODFHWKHORVWWLVVXH/LQHDJHVWXGLHV
RIWKHFHOOVWKDWPDNHXSWKHEODVWHPDDUHQHHGHGWRLGHQWLI\WKH
FHOOXODU LGHQWLW\ RI QHZ WLVVXH$ VHFRQG LPSRUWDQW TXHVWLRQ LV
ZKHWKHUUHJHQHUDWLRQRIWKHÀQIROGLQYROYHVWKHVDPHSURFHVVHV
DVWKHLQLWLDOGHYHORSPHQWRIWKHÀQ7KH:QW`FDWHQLQ5$DQG
)*) SDWKZD\V DOO DFW GXULQJ DQWHULRUSRVWHULRU D[LV HORQJDWLRQ
DQGLWLVSRVVLEOHWKDWWKHLUUROHVGXULQJUHJHQHUDWLRQDUHLGHQWLFDO
WRWKHLUUROHVGXULQJGHYHORSPHQW$OWHUQDWLYHO\WKHVHSDWKZD\V
FRXOG EH SOD\LQJ UROHV WKDW DUH XQLTXH WR UHJHQHUDWLRQ$ WKLUG
FUXFLDODUHD IRUDQDO\VLV LVKRZ LV UHJHQHUDWLRQ LQLWLDWHG6R IDU
WKH,O`DQG526)\QESDWKZD\VDUHWKHEHVWFDQGLGDWHVWROLQN
ZRXQGLQJWRUHJHQHUDWLRQ%XWDPROHFXODUPHFKDQLVPIRUKRZ
WKHVHSDWKZD\VKDYHHYROYHGWRSOD\WKLVUROHKDVQRWHPHUJHG
7RSLFDO TXHVWLRQV DUH ZKDW DUH WKH GLUHFW PROHFXODU WDUJHWV RI
WKHVHSDWKZD\VGXULQJUHJHQHUDWLRQDQGDUHWKHVHWDUJHWVDOVR
DIIHFWHGE\QRQUHJHQHUDWLYHVLJQDOOLQJ7KHWRROVWRDGGUHVVWKHVH
LVVXHVDUHUHDGLO\DYDLODEOHDQGLWLVOLNHO\WKDWLQWKHQH[WIHZ\HDUV
WKHDQVZHUVWRPRVWLIQRWDOORIWKHVHTXHVWLRQVZLOOEHUHYHDOHG
$FNQRZOHGJHPHQWV
,ZLVKWRDFNQRZOHGJH'U6WHSKHQ5HQVKDZIRUKLVFULWLFDOUHDGLQJRI
WKHPDQXVFULSWDQGWKH0HGLFDO5HVHDUFK&RXQFLO8.IRUWKHLUJHQHURXV
VXSSRUW05-WR++5
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